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FOREWORD 

This report, OSURF Report 3271-,, was prepared by The Ohio State 
University ElectroScience Laboratory, Oepartment of Electrical Engineering 
at Columbus, Ohio. Principal contributors to the repo;t were Dr. D. L. 
Ford and Mr. G. L. Trusty. Research was conducted jnder Contract F30602- 
72-C-0016. Mr. James W. Cusack, RADC (OCSE), of Rome Air Development 
Center, Griffiss Air Force Base, New York, is the Project Engineer. 

Ill 



ABSTRACT 

This report summarizes technical details of the work performed 
from June 23  to September 23, 1971. A detailed discussion of work 
performed at the Ohio State University ElectroScience Laboratory is 
presented. This work consisted of atmospheric transmittance calcu- 
lations near 5 ym and the design of a laboratory experiment to determine 
the transmittance of CO laser radiation through synthetic atmospheres. 

Computer programs have been written to calculate the molecular 
absorptance due to atmosoheric absorbers near 5 um. The type of 
calculations include computer plots of the calculated spectra, more 
accurate transmittance values at the frequencies of the CO laser 
emissions for horizontal paths, and transmittance values at the fre- 
quencies of the CO laser emissions for slant paths through the atmos- 
phere. Preliminary calculations are presented with water vapor as the 
only atmospheric absorber considered. 

The design of an experiment to measure the transmittance of the 
CO laser emissions through simulated atmospheres is described. 
Specific topics covered are the CO laser, selection of the emission 
lines to be measured, the multiple traversal cell, and the experimental 
procedure. 
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I.  INTRODUCTION 

This is the first quarterly report on Contract Number 
F30602-72-C-0016 entitled "Laser Absorption Studies in the 5 Micron 
Band" for the period June 23, through September 20, 1971. The ob- 
jectives of this contract are to perform laboratory measurements 
and theoretical computations in order to determine values of at- 
mospheric transmittances at CO laser wavelengths. The technical 
accomplishments during this period are described in detail in this 
report. 

The CO laser has a large number of laser emission frequencies 
near 2000 cm-1 (5 ym) which have been accurately measured by Mantz 
et al.' and Yarclley.2 Many potential applications of this laser 
depend upon ä knowledge of the atmospheric attenuation of the laser 
output. Water vapor, carbon dioxide, nitrous oxide, methane, and 
ozone attenuate the laser emissions by molecular absorption in the 
atmosphere. The amount of attenuation for each of the laser's 
emission lines depends on the absorption lines' frequencies, strengths, 
half-widths and the concentration of each of the absorbers ir the 
atmosphere. Also the attenuation depends on the temperature and 
pressure profiles of the atmosphere. If all of these parameters 
are known sufficiently accurately, useful estimates of the atmospheric 
transmittance of the laser emissions can be calculated using standard 
techniques. While the wavelengths of the CO laser emission lines are 
accurately known (0.006 cm-l)J most of the water lines near 2000 cm-1, 
as listed in the tables of Benedict and Calfee,3 have an uncertainty 
in wheir positions of 0.05 cm-1; however, for some lines the un- 
certainty may be as large as 2.0 cm-1. 

The half-widths of the absorption coefficient of water vapor lines 
at one atmosphere are on the order of 0.05 cm-1. Thus the atmospheric 
transmittance is a rapidly varying function of the frequency, and there- 
fore, the accuracy of the calculated transmittance at the laser fre- 
quencies is strongly dependent upon the position of the absorbing lines. 

Two approaches to improve the predicted accuracy of transmittance 
through actual atmospheres at laser frequencies are available. Ideally 
the positions, strengths, half-widths and shapes of the lines for all 
molecular absorbers of the CO laser output should be determined. Since 
water vapor alone has several thousand absorption lines in this spectral 
region, an extensive program would be required. A more direct approach 
would be to measure the transmittance at CO wavelengths under repre- 
sentative conditions in the laboratory. The advantages of this latter 
approach include: 1) a less expensive program; 2) the data is ob- 
tained directly at the wavelengths of interest; 3) the data may be 
used to determine the accuracy with which the transmittance can be 
calculated using the presently available data on line positions, half- 
widths, strengths and shapes of the absorber lines. 



Of course this approach requires a stable CO laser and a facility 
for long path length transmittance measurements. 

Molecular scattering, aerosol scattering and aerosol absorption 
also attenuate the transmittance of the CO laser; however, the first 
is insignificant and the latter two are slowly varying functions of 
frequency.  Thus a knowledge of the molecular absorption is most 
important in determining which CO laser lines are most useful in 
potential applications. Measurement of aerosol extinction is expected 
from a comparison of our laboratory measurements and outdoor CO measure- 
ments to be made at RADC. 

During the work period of this report several computer programs 
were written to calculate the transmittance of CO laser radiant flux 
through model atmospheres. These programs are described in the next 
section. Simultaneously the preliminary design of the laboratory 
experiment to determine the transmittance of CO radiation through 
representative atmospheres was undertaken and i* is described in the 
third section. 

II. ABSORPTANCE CALCULATIONS 

Portions of the computer programs to be discussed were developed 
under another Contract (F33615-69-C-1807) and modified under the 
current contract. 

Computer programs were written which give, as output, information 
concerning theoretical molecular absorption in the spectral region of 
the CO laser lines. The programs give three basic forms of output 
which will be discussed separately. 

Common to all the programs is the method for calculating the ab- 
sorption at any frequency. This method employs a subroutine called 
ABSCOE which is a modified version of the one developed by Deutschman 
and Calfee.4 This subroutine calculates the absorption coefficient 
kv at frequency v where k is defined by the extinction equation; 

(1)     I = Ift exp(-k w) v   Ov  
r  v ' 

Here lov and Iv are the incident and output intensities respectively 
and w is the absorber concentration. 

For all computations up to the present time a Lorentz line shape 
has been assumed, using 

(2)    k = i 
S     a 

(v-v ) - a 
2 T 



where S is the line intensity, a is the line halfwidth and v0 is 
the center frequency of the line. This equation Is used in con- 
junction with those necessary for the temperature and pressure 
corrections for the variables involved, viz: 

(3) 

and 

(4) •■•W 
where T0 and P0 refer to a reference temperature and pressure, E" is 
the lower energy level of the transition and fe is the Boltzmann constant. 
The exponent m varies with absorber and n is a function of absorber 
broadening gas and frequency. For water vapor the values of m and n 
have been chosen to be 1.5 and 0.62 respectively. 

3 
A note here about units is in order. The H2O line data used 

gives the halfwidth in units of cm-l/atm, i.e., the data given is 
actually the OQ/PO term in Eq. (4) with PQ = 1 atm. The line in- 
tensity S is given in units of cm-l/(gm cm-2). Since intensity is 
defined by 

r 
S = j kvdv. 

■■00 

we get k in units of l/(gm cm ). By dimensional analysis alone vhis 
says the absorber concentration w must be in units of gm cm-2 since 
the exponent in the extinction equation must be dimensionless. How- 
ever since the density of water is 1 gm/cm3, the absorber concentration 
can be written as pr-cm. A discussion of various associated units is 
given by McCoy,5 

Equations (2), (3) and (4) give the absorption coefficient at 
frequency v due to one absorption line centered at frequency v0. 
However many lines near frequency v may contribute appreciably to the 
value of kv. Therefore the resultant absorption coefficient due to 
all lines near v is found as 

Sv     a 

(5)    k = I kv = I -^  A g- vo    vo *  (V-V + \ 
0 



p 
Due to the (V-VQ) term in the denominator, the contributions of 
lines far from VQ become negligible. Note that the point where 
this occurs is also a function of S^ and OVä. o    o 

The subroutine ABSCOE uses a variable called BOUND to de- 
termine how far on either side of frequency v to go when including 
lines; i.e., lines within the region v-BOUND <. u < v+BOUND are 
included. This variable and the variable SLOW, wFich designates 
the weakest absorption line to be considered, are both chosen such 
that a reasonable compromise between high accuracy and low computer 
time is reached. 

The first computer program produces, for a given frequency range, 
pressure, temperature, absorber concentration ahd a plot of the 
absorption spectrum. Also on the plot is a designation of the 
location of given laser lines. Figures 1 and 2 give examples of 
these plots for two different sets of conditions. 

A second program prints out, for any given frequency (in our case, 
any given laser line), the absorption coefficient and the transmittance 
at given distances. Pressure, temperature and amount of absorber are, 
of course, also inputs to this program. Table 1 gives a few examples , 
of the output of this program which has been put in a form to cor- 
respond to weather data and test sites at RADC. 

The third program is somewhat more complex. The input to this 
program is pressure, temperature and absorber concentration as a 
function of altitude, i.e., a gi»en atmospheric model. Output is 
produced for any given number of laser line frequencies and provides 
the information needed to calculate slant path transmittance for 
those la^er lines. 

The approach to the problem is to calculate the extinction coeffi- 
cient at each given altitude. (The current atmospheric models have 
about 8 points of data for the 0-10 km altitude range.) A polynomial 
is then fit to these results. This polynomial is in turn used to 
calculate vertical absorptance due to the variable extinction coefficient. 
The program takes the exact equation for transmittance 

(6)    T = exp(-  B(x) dx) 

as 

h 
(7)     T = exp(- [ B(x) AX) 

o 

where B is related to k by 
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Fig. 1. Calculated horizontal atmospheric transmittance in the 
region 1890 to 1940 cm-1 through a 3.05 km path in which 
the absorbing gas is 2.04 torr of water vapor. The tem- 
perature and amount of water vapor present are chose 
occurring at Rome, New York, January 6, 1971. Fewer water 
lines were used to calculate the transmittance than was 
used in the calculations for the same conditions listed 
in Table 1 to limit the computer time necessary to 
produce this plot. 
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Fig. 2. Calculated horizontal atmospheric transmlttance In the 
region 1890 to 1940 crH through a 3.05 km path In 
which the absorbing gas Is 12.59 torr of water vapor. 
The temperature and the amount of water vapor present 
are those occurring at Rome, New York, July 12, 1971. 
Fewer water lines were used to calculate the trans- 
mlttance than was used In the calculations for the 
same conditions listed In Table 1 to limit the computer 
time necessary to produce this plot. 
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(8) 
w 

r 
where L is a unit length corresponding to the units of AX. Cur- 
rently Ax is taken to be 10 meters, i.e., it is assumed that a 
constant extinction coefficient exists for each 10 meter altitude 
increment. 

Table 2 gives the atmosphere model for 30oN latitude for July. 
Table 3 gives the output of the program for that model for 10 laser 
lines. Remembering that only H2O absorption is taken into account, 
the tables can be used to easily compute the expected transmittance 
of any slant path between any two altitudes between sea level and 
ten km. 

Referring to the Fig. 3, shown below, 

TAh = exp " I:0PT- mCK- ^ ' 
OPT. THICK, (h^] • sec 0 

Fig. 3. Relationship of parameters for use in calculation 
transmittance along slant paths. 

where e is the zenith angle of the path. 
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TABLE 2 

ATMOSPHERIC MODEL FOR 30oN LATITUDE, JULY 

ALTITUDE TEMPERATURE PRESSURE* H20 PRESS. 
METER 0E6 K ATM TORR 

0. 301.150 1.1191 22.5900 
1000. 293.650 .9543 11.6900 
2000. 288.150 .8348 7.6500 
3000. 282.650 .7336 5.3400 
4000. 277.150 .6407 3.0200 
6000. 266.150 .4920 1.0600 
8000. 252.150 .3760 .3570 

10000. 238.150 .2839 .0720 

♦This pressure is the effective pressure for water vapor. It 
accounts for the fact that the water vapor continuum depends much 
more on self-broadening due to water vapor molecules than broadening 
due to other atmospheric molecules. 

At the bottom of each table the coefficients for the polynomial 
discussed above are listed. 

The figures and tables presented in this section are only samples 
of the theoretical calculations to be made. For example the slant 
path calculations will be extended to cover 10 atmospheric models. 
For all the programs additional molecular absorbers, such as CO», will 
be added. 

III. DESIGN OF THE EXPERIMENT TO MEASURE CO LASER 
EMISSION TRANSMITTANCE THROUGH SIMULATED 
ATMOSPHERES 

Briefly the experiment consists of a CO laser whose output 
passes through a multiple traversal absorption cell. The ratio 
of the energy transmitted through the "filled" cell to the energy 
transmitted through the evacuated cell is measured for each CO laser 
emission line. The concentration of the absorbers in the cell, the 
total pressure, the optical path length of radiant flux through the 
cell and the particular laser lines to be used are selected after 
study of the results of the computed transmittances for different 
values of these parameters. 
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Selection of the CO Laser Emission Lines 

Determination of the laser lines to be used in the experimental 
studies is complex as it is not possible to find a laser line that is 
"best" for all atmospheric models, or even all conditions of tempera- 
ture and pressure in a single model. Even using a single absorber in 
the atmospheric model a "best" line can not be found as illustrated 
from the computed transmittances described in Chapter II. 

An example of this effect is illustrated in Table lb. At 1:00 PM 
on January 4, 1971 the laser lines are ordered by decreasing trans- 
mi ttance through the atmosphere. The temperature was 30oF and the 
relative humidity was 91%. At 4:00 AM on the same day the temperature 
was 250F and the relative humidity was 84%. The seventh and eighth 
laser lines in this list should now be interchanged so that the list 
of laser lines are ordered by decreasing transmittance. With greater 
extremes of temperature and relative humidity variations, this effect 
is more pronounced. 

The reason no "best" line can be found is that the shape of each 
line's absorption coefficient is a function of the temperature and 
pressure, and does not depend solely upon the concentration of the 
particular absorber. For most applications a "good" laser line for 
laboratory measurement should have the following characteristics; 

1) Be relatively far from any strong absorption line of molecules 
occurring in the atmosphere. 

2) Not be too close to another laser line so that determination 
of the actual frequency would be difficult. 

3) To test the accuracy of computations one or more laser lines 
which are close to an absorption line peak should be selected. 

Appreciable absorptance (<10%) must occur so that accurate 
transmittance measurements can be made. The absorptance, within 
certain ranges, can be varied by changing the concentration of the 
absorber or the optical path length. The amount of water vapor in the 
path is limited as condensation occurs on the mirrors for high relative 
humidities and the maximum obtainable optical path is about 1 kilometer. 

The most stringent test of the accuracy of the atmospheric model 
calculations is for laser lines separated from the center of the ab- 
sorption line by about one half the width of the absorption line. 
Here the transmittance is rapidly changing with frequency and un- 
certainties in the parameters of the absorbing molecules produce 
the greatest error in the calculations. 
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Obviously not all of these requirements can be simultaneously 
achieved with a single line. For this reason ten lines have been 
tentatively selected that have the lowest absorption coefficient in 
a one kilometer horizontal path at sea level for the midlatitude Winter 
atmospheric model described by McClatchey et al.7 

The 10 lines are listed in Table 4 with the identification of 
each line, and the calculated absorption coefficient and transmittance 
for a one kilometer horizontal path at sea level for the above model 
atmosphere. Only water vapor was considered to attenuate the radiant 
flux. 

Additional laser lines will be measured provided these lines do 
not sufficiently meet all requirements listed above. 

TABLE 4 

TRANSMITTANCE OF SELECTED LASER LINES THROUGH 
30ON LATITUDE, JULY MODEL ATMOSPHERE 

FREQUENCY BAND LINE ABSORPTION TRANSMITTANCE 
(cm-1) COEFFICIENT 

Km-1 
1 Km 

1978.609 5-4 PI 5 0.0412 0.960 
1974.357 5-4 PI 6 0.0627 0.939 
1982.766 5-4 PI 4 0.0655 0.937 
1952.888 6-5 PI 5 0.147 0.863 
1936.002 6-5 PI 9 0.172 0.842 
1931.380 7-6 PI 4 0.206 0.814 
1900.044 9-8 P9 0.259 0.772 
1970.159 5-4 PI 7 0.275 0.760 
1927.283 7-6 PI 5 0.337 0.714 
1986.918 5-4 PI 3 0.364 0.695 

Molecular Absorbers in the Atmosphere 

The main molecular absorber in the atmosphere of the CO laser 
radiant flux is water vapor and the first experiments will use 
mixtures of water vapor and nitrogen. Other absorbers are CC^, O3, 
CH4, CO, NO, and N2O. Data on the molecular parameters of these 
molecules Is being collected so that the Influence of each can be 
calculated with the previously described computer programs. If 
from these calculations, it is found that any of these absorbers 
significantly decreases the transmittance over a one kilometer path, 
they will be Included in the experimental program. 
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Experimental Apparatus 

A conceptual design of the experiment is shown in Fig. 4. A 
description of the component is listed here. 

CO Laser 

The CO laser shown in Fig. 5 is to be loaned to us by Charles 
Freed of Lincoln Laboratory, Massachusetts Institute of Technology 
and is expected to be delivered in mid November. Over 60 CO lines 
in the spectral region 1800 to 1985 cnr1, shown in Fig. 6, have 
been observed in a similar laser.8 The refrigerator and power 
supplies for the laser have been ordered and delivery is partially 
completed. A filling station has been designed for refilling the 
laser. 

The laser will emit individual emission lines as determined by 
the position of the grating located at one end of the laser cavity. 
The maximum power output of a single line is about 300 mw. 

Multiple Traversal Absorption Cell 

The multiple traversal absorption cell designed and built by 
Long9 and modified by McCoyS can have optical path lengths of more 
than 1000 meters through the use of a three mirror White type optical 
system shown in Fig. 7. The actual size of the cell is two feet in 
diameter and fifty three feet in length. The three concave, aluminum 
coated mirrors each have a fifty foot radius of curvature and are placed 
exactly fifty feet apart. The two closely spaced mirrors, A and B, are 
halves of a twenty inch diameter spherical mirror. The third mirror, 
C, is a twelve inch diameter spherical mirror. Tilting the two halves 
of the split mirror changes the number of traversals radiant flux 
travels in passing through the cell. 

The external optics are arranged such that the incoming laser 
beam is brought to a focus just as it passes the front surface of 
the twelve inch mirror and diverges to fill about one half of one 
of the ten inch mirrors. The beam is reflected and an image formed 
at the surface of the twelve inch mirror where the beam is re- 
reflected to the other ten inch mirror. After being reflected off 
this mirror the beam either exits or is reflected through the absorption 
cell again depending on the tilt of the two ten inch mirrors. The total 
number of traversals, N, through the cell can be determined from the 
number of images, n, formed on the twelve inch mirror, i.e., 

(9)     N = 2n + 2. 

The windows of the cell are polished calcium flouride, as this 
material is not hygroscopic and has a high transmittance at 5 ym. 
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tNCRfASf TRAvfHSAlS 

INCREASE TRAVERSALS 

Fig. 7. Absorption cell ray diagram for four traversals. 

A 100 cubic foot per minute mechanical pump and a six inch dif- 
fusion pump connected near the center of the cell by pneumatically 
operated valves are used to evacuate the cell to pressures as low 
as 10-4 torr. 

The cell is filled through three ports. One port is located near 
the center and the other two near opposite ends. Copper pipe con- 
nected the three ports to ?. common valve manifold for metering the 
gases. The filling and evacuating lines are shown n Fig. 8. 

The temperature of the cell may be raised as much as 20 degrees 
centigrade above ambient temperature. The inside of the cell is 
isothermal to within one half of a degree centigrade when the cell is 
at the maximum obtainable temperature. The higher temperatures allow 
a greater water vapor concentration to be placed in the cell without 
condensation appearing on the mirrors. For the CO laser lines 
appreciable absorptance occurs at the longer path lengths so that 
the cell will probably not have to be heated. 

Detectors 

The radiant flux from the CO laser will be incident upon three 
detectors as shown earlier in Fig. 4. Two of these detectors monitor 
the incident radiant flux on the absorption cell. One detector is 
part of a scanning spectrometer to ensure that the laser output is of 
a single frequency. We are currently evaluating several spectrometers 
to perform this function and provide an accurate calibration of the 
position of the grating of the CO laser. One of the other two de- 
tectors measures the intensity of the incident radiant flux, (the 
reference beam), onto the cell and the other detector, the intensity 
of the emerging flux. Tentatively these two detectors will be Cadmium 
Mercury Telluride, which have been bought, as they have a small time 
constan*. and a high detectivity at 5 um and room temperature. 
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Data Handling 

The signals from the two CMT detectors are converted to digital 
form and processed by an XDS 910 computer. By recording the output 
of both detectors with ard without the absorber gas present in the 
cell the transmittance can be calculated for each of the selected 
laser lines. The transmittance T is given by 

/•mx    T _ : S^ R^absorber present UOj    T - /» 11 \ — c  
^S'Vcell evacuated 

where Is and IR are the intensities of the exit beam and the reference 
beam respectively. The low time constant (^.4 ps) and high detectivity 
of the CMT detectors permits a high data sampling rate so that in a 
shot time an accurate determination of the transmittance can be made 
for a given set of experimental conditions. 

He-Ne Laser 

The He-Ne laser shown in Fig. 4 is used to align the optics in 
the experiment. 

Experimental 

The procedure to determine the transmittance through water vapor- 
nitrogen mixtures at the frequency of each of the selected CO laser 
lines is described below. The output of the CO laser is calibrated 
with a spectrometer so that the frequency of the laser's output as 
a function of the reading on the micrometer, which controls the 
position of the grating, is known. Thus any particular line can be 
selected by positioning the grating correctly. The cell is evacuated 
to less than 10"2 torr. Then radiant flux of each of the desired fre- 
quency from the CO laser is transmitted through the absorption cell 
and the intensities of the incident and exit beams are measured. 
With this information the transmittance of the cell can be calculated. 
About 40 independent measurements are used to make this calculation. 
The output of the laser is also monitored with the scanning spectrometer 
to check that the laser is emitting a single frequency. 

The cell is then connected to a bottle of distilled water which 
is heated several degrees centigrade above room temperature to speed 
evaporation. Too high a temperature will cause condensation to form 
in the cell and is to be avoided. The pressure of the water vapor in 
the cell is measured on a micrometric manometer which has previously 
been calibrated against a McCloud gauge using nitrogen. Several hours 
are required to fill the cell to the desired water vapor pressure. Dry 
nitrogen is then added to the cell to the desired pressure end allowed 
to mix for six to eight hours. 
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Once the mixture is uniform, the intensities of the entrance 
and exit beams are again measured and the transmittance is calcu- 
lated from Eq, (10) by the on-line XDS 910 computer. The grating 
position is changed so that the transmittance of the next selected 
laser line is recorded. After all transmitting of the selected laser 
lines have been determined, the cell is evacuated, and the trans- 
mittance of the cell is remeasured at each selected laser frequency. 
If these values are not in good agreement with those obtained before 
the experiment, the experiment is repeated. 

Optical path lengths, water vapor concentration, and total pressure 
are variables in the experimental program. The tentative range of 
these variables are shown in Table 5. 

TABLE 5 
RANGE OF EXPERIMENTAL PARAMETERS 

Water Vapor Concentration 0.04 to 1.0 pr-cm 

Optical Path Length 0.2 to 1.0 km 

Total Gas Pressure 200 to 760 torr 

IV. SUMMARY 

A computer program has been written to calculate atmospheric 
molecular absorptance along horizontal paths at the frequencies of 
the output of a CO laser. Sample programs have been run corresponding 
to actual atmospheric conditions with water vapor and carbon dioxide 
being the absorbers. The form of the output can be either graphical, 
showing the transmittance as a function of frequency, or tabular, 
listing the transmittance at CO laser frequencies. Additional 
absorbers can be used as their molecular parameters are tabulated. 
Sample computer output are shown. 

Another computer program has been written to calculate the 
atmospheric molecular absorptance along slant paths in the atmospheres 
^or different atmospheric models. The standard atmospheric model for 
a 30oN latitude in July using H2O as the absorber have been used, and 
sample pages of this computer output are shown. 

These programs were originally written to run on the Ohio State 
University IBM 360/75 computer. Modifications to allow them to be 
run on the ElectroScience Laboratory Datacraft 6024/3 computer have 
been made. 
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A brief discussion of the design of the experiment for the de- 
termination of the transmittance of the CO laser emission lines 
through a multiple traversal absorption cell is described. In- 
cluded are a description of the equipment and the procedure for 
making the measurements. 
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